Drought is one of the main factors restricting seed germination. In order to reveal the physiological and molecular mechanisms of improved germination ability in upland rice under drought stress, we investigated the seed germination characteristics and the expression of genes related to gibberellic acid (GA3), α-amylase, and expansin of upland rice cultivar IRAT109 and lowland rice cultivar Yuefu under drought stress induced by 15 % (m/v) polyethylene glycol (PEG) and GA3 application. Seed germination decreased in upland rice and lowland rice under PEG-induced stress; upland rice was less affected than lowland rice. The germination vigour, root length, and shoot length were significantly higher in upland rice than in lowland rice under PEG stress. The GA3/abscisic acid ratio, α-amylase activity, and soluble sugar content in the germinated seeds were higher in upland rice. An RNA sequencing analysis revealed that 14 genes related to gibberellins, α-amylase, and expansin had a significantly higher expression in upland rice than in lowland rice. On the other hand, application of GA3 significantly increased the germination vigour, shoot length, root length, α-amylase activity, and soluble sugar content in upland rice. It also induced higher expressions of α-amylase and expansin related genes in upland rice. The results indicate that GA3 plays an important role in promoting seed germination in upland rice under drought stress by increasing the expressions of α-amylase and expansin genes.
Introduction
Dry direct-seeded rice (DSR) is a popular and promising method for planting rice, due to less labour, less water, and possibility of mechanized planting (Mahender et al. 2015) . Arapid and uniform seed germination is essential for DSR (Farooq et al. 2006 , Liu et al. 2014 . Seed germination is an important stage including seed imbibition, enzyme activation, cell division and enlargement, and development of embryo axis through the seed coat (Bewley 1997) . Water absorbed in the first step of seed germination activates enzymes (Miransari and Smith 2014) and DSR is vulnerable to germination failure due to insufficient water supply. So, cultivars used for DSR should have a high germination ability, high seedling vigour, and fast root growth (Hu and Xiong 2014 , Mahender et al. 2015 , Lee et al. 2017 .
Among the plant hormones, gibberellins (GAs) promote seed germination whereas abscisic acid (ABA) inhibits it (Rajjou et al. 2012 , Zhao et al. 2014 . The antagonism between GAs and ABA plays an important role in controling seed germination, and they interact also with environmental factors in mediating seed germination (Zhao et al. 2014 , Shu et al. 2016 . During seed germination, active GAs are synthesized in the embryo and transported to the aleurone layer inducing the expression of α-amylase gene and subsequently its synthesis. The biosynthesis of GAs is catalyzed by ent-copalyl diphosphate synthase, ent-kaurene synthase, ent-kaurene oxidase, ent-kaurene acid oxidase, GA 13-oxidase (GA13ox), GA 20-oxidase (GA20ox), and GA 3-oxidase (GA3ox) (Liu et al. 2018) .
Upland rice has a higher germination ability under drought stress than lowland rice. The GAs promotes seed germination by releasing seed dormancy and by stimulating the synthesis and production of the hydrolases involved in the breaking of seed storage reserves. However, the mechanisms responsible for higher germination in upland rice under drought stress are not known. Whether GAs perform the same function during seed germination in upland rice or lowland rice under drought stress is also not clear. Therefore, we investigated the seed germination characteristics and performed a comparative transcriptional expression analysis during seed germination under drought stress and gibberellic acid (GA3) application using upland rice cultivar IRAT109 and lowland rice cultivar Yuefu.
Materials and methods
Plants and treatments: Rice (Oryza sativa L.) cvs. IRAT109, an upland tropical japonica cultivar, and Yuefu, a lowland temperate japonica cultivar, were used in this study. Seeds were surface sterilized in 10 % (v/v) H2O2 for 10 min and rinsed six times with distilled water. Sterilized seeds were soaked in distilled water at 28 °C for 24 h. Then the seeds were placed in sterile Petri dishes with moistened filter paper and grown in a growth chamber for 1, 2, 3, 4, and 5 d under three different treatments, water, 15 % (m/v) polyethylene glycol 6000 (PEG), and PEG plus 0.1 μM GA3 (PEG+GA). A growth chamber was set at a 8-h photoperiod, day/night temperatures of 28/25 °C, a 75 % relative humidity, and an irradiance of 300 µmol m -2 s -1 . The water potential was -0.32 MPa under 15 % PEG treatment. Each treatment had three replicates with 100 seeds per replicate.
The germination rate after 3 d of treatment is considered as germination vigour. Root length and shoot length were measured after 3, 4, and 5 d of treatment.
Quantification of endogenous phytohormones:
The content of GA3 and ABA in the seeds were determined using enzyme-linked immunosorbent assay kits (China Agricultural University, China) (Yang et al. 2001) . Germinating seeds after one day of treatment were incubated in 80 % (v/v) methanol at 4 °C for 48 h. The extracts were collected after centrifugation at 10 000 g and 4 °C for 15 min and filtered through a Sep-Pak C18 cartridge (Waters, Milford, MA, USA), dried by pure N2 at 20 °C, and stored at -40 °C. The residues were dissolved in phosphate buffered saline (pH 7.5) containing 0.1 % (v/v) Tween 20 and 0.1 % (m/v) gelatine to quantify GA3 and ABA content. α-Amylase activity and soluble sugar content: The germinating seeds were collected to determine α-amylase activity and total soluble sugar content. The α-amylase activity was determined using an Amylase Assay kit purchased from Suzhou Komin Biotechnology Company (Suzhou, China), following manufacturer's instructions. Seeds were ground and mixed (1 g) with 10 cm 3 of phosphate buffer (pH 7.0) at 4 °C for 24 h. Enzyme activity of the supernatant was measured by 3,5-dinitrosalicylic acid (DNS) method (Bernfeld 1955 , Basra et al. 2005 . Starch hydrolase catalyzes the hydrolysis of starch into reducing sugars; DNS produces a brown-red compound on reacting with reducing sugars. β-Amylase was inactivated at 70 °C for 15 min. The activity of α-amylase was measured at 540 nm using a spectrophotometer (UV-3200PC, MAPADA, Shanghai, China). For soluble sugars, ground seed samples (1 g) were mixed with 10 cm 3 of distilled water at 25 °C for 24 h. The extract was filtered through filter paper. The final volume was adjusted to 10 cm 3 with distilled water. The soluble sugar content was determined by phenol sulfuric method (Dubois et al. 1956, Lee and Kim 2000) .
Total RNA isolation, cDNA library construction, and sequencing: Total RNA was isolated from seeds treated with 15 % (m/v) PEG and distilled water for one day. Total RNA was extracted using a TranZol RNA extraction kit (TransGen Biotech, Beijing, China) and three biological replicates were used. The cDNA libraries were prepared individually for each sample by performing a series of procedures, including mRNA enrichment by oligo (dT), removal of rRNA and RNA fragments, cDNA synthesis using random hexamer primers, size selection, and PCR amplification. The cDNA libraries were prepared using an mRNA-Seq sample preparation kit (Illumina, San Diego, USA). The Illumina Hiseq TM 2000 platform was used to sequence the libraries, and paired-end reads were generated. Illumina sequencing was designed and experimented at Biomarker Technologies Corporation (Beijing, China).
Analysis of RNA-seq data: Raw data were filtered to remove low-quality reads and adaptor contamination by using in-house Perl scripts. The clean reads were mapped to the rice cv. Nipponbare reference genome with TopHat. The sequence alignment files generated by TopHat were provided as input to Cufflinks (Trapnell et al. 2010) and assembled the alignments into transfrags. Cufflinks statistical model probabilistically assigns reads to the assembled isoforms. Unique reads were aligned by BLASTX (e-value ≤ 10
-5 ) to a series of databases including NCBI non-redundant (Nr), Swiss-Prot, Kyoto encyclopedia of genes and genomes (KEGG), and gene ontology (GO). Differential expression analysis of genes between two cultivars was performed by using the DEGseq (2010) R package (Anders and Huber 2010) .Differentially expressed genes (DEGs) were ranked according to their size and normalized FPKM (fragments per kilo base of exon per million reads). The DEGs of different samples were analyzed according to the log2 fold changes of FPKM. The significant threshold was set at P < 0.05 and log2 (ratio) ≥ 1.
Real-time quantitative PCR:
Approximately 1 µg of total RNA was reverse-transcribed using the GoScript TM reverse transcription system (Promega, Madison, USA) according to the manufacturer's instructions to obtain cDNA. The amount of transcripts of each gene was measured in a total volume of 20 mm 3 containing 0.8 mm 3 of forward and reverse primers, 5 mm 3 of the reversetranscribed product, 4.2 mm 3 of nuclease-free water, and 10 mm3 of GoTaq ® qPCR Master Mix (Promega, Madison, USA) on an Applied CFX96 real-time PCR system (BioRad, Hercules, USA) according to the manufacturer's instructions. The cycling conditions were 95 °C for 10 min by 39 cycles of amplification (95 °C for 15 s and 60 °C for 1 min). The transcription was normalized using rice ACTIN (LOC_Os03g50885) as an internal reference gene. For each sample, three biological replicates and three technical replicates were used. The relative expressions were determined using the 2 -△△CT method. The primers are given in Table 1 
Results
Upland rice cv. IRAT109 showed a better germination rate and a better growth of radicle than lowland rice cv. Yuefu under both control conditions and PEG-induced drought stress (Fig. 1 Suppl.). The germination vigour, root length, and shoot length of IRAT109 were significantly higher than those of Yuefu (1.22-, 1.35-, and 1.26-times higher, respectively, under control conditions, and 3.29-, 1.70-, and 1.20-times higher, respectively, under drought stress; Fig. 1 ). Thus, upland rice was less susceptible to drought than lowland rice. Under PEG-induced stress, the GA3 content of IRAT109 was significantly higher than that of Yuefu, whereas in ABA content, no significant difference between IRAT109 and Yuefu were found (Fig. 2) . The GA3 / ABA ratio of IRAT109 was significantly higher (1.15-and 1.49-times) than that of Yuefu under control conditions and PEG-induced stress, respectively. α-Amylase activity and soluble sugar content showed no difference between IRAT109 and Yuefu under control conditions. Under PEG stress, α-amylase activity and soluble sugar content in IRAT109 were significantly higher (1.39-and 1.68-times) than in Yuefu (Fig. 3) . Upland rice was more sensitive to GA3 application than lowland rice under PEG-induced stress (Fig. 1 Suppl. ). The germination vigour, root length, shoot length, soluble sugar content, and α-amylase activity of the IRAT109 significantly increased after GA3 treatment, but there was no significant increase in Yuefu (Figs. 1 and 2) .
In order to identify the differentially expressed genes during seed germination between upland rice and lowland rice under drought stress, a genome-wide transcriptome analysis was performed by the Illumina Hiseq TM 2000 platform. After sequencing, 23 429 106 and 20 150 182 reads were generated in Yuefu and IRAT109, respectively (Table 1) . Almost 91.86 and 92.93 % of reads were uniquely mapped to the reference genome in Yuefu and IRAT109, respectively. According to GO database (http:// www.geneontology.org/), there were 31 485 annotated genes. Comparing Yuefu and IRAT109, 2 171 DEGs were Means ± SEs, n = 3 sets of 100 seeds each.Ddifferent letters indicate significant differences at P ≤ 0.05 analyzed and marked separately in each day. CK -control. identified following the threshold P < 0.05 and log2 ≥ 1.00, and were mapped to the GO database. Approximately 63.61 % of DEGs were upregulated in IRAT109. Real-time quantitative PCR was used to validate the expression of six randomly selected genes. Consistent expression trends between RNA sequencing and quantitative PCR were observed for all six genes, which indicates that the RNAseq data were credible (Fig. 2 Suppl.). To understand the functions of DEGs, all 2 171 DEGs were categorized into 62 functional groups, and then categorized into 3 main functional groups (cellular component, molecular function, and biological process) according to GO terms and KEGG pathway analysis (Fig. 3 Suppl.). Of the 2 171 DEGs, 5 GA related genes, 5 α-amylase related genes, and 4 expansin related genes were upregulated in IRAT109 compared to Yuefu. The five α-amylase related genes and four expansin related genes had an average log2 of 3.04 and 4.14, respectively ( Table 2 ). The five GA related genes included GA3-oxidase gene (OsGA3ox2) and four putative gibberellin receptor genes. The five α-amylase related genes included two α-amylase genes (OsAmy3D and RAmy1A), two putative α-amylase precursor genes, and 1 putative α-amylase isozyme C gene. These five expansin related genes included 3 α-expansin genes (OsEXPA8, OsEXPA3, and OsEXPA1), and one putative expansin precursor gene. Real-time quantitative PCR results show that the expression of α-amylase related genes and expansin related genes in germinating seeds under PEG stress were upregulated by GA3 treatment except for Os01g0357400 in Yuefu. The genes Os05g0277000 (a putative expansin precursor), Os05g0276500 (OsEXPA3), Os09g0457600 (a putative α-amylase precursor), Os02g0765400 (a putative α-amylase precursor), and Os01g0357400 (a putative α-amylase isozyme C) were induced in IRAT109 by GA3, and the gene expression ratio of (PEG+GA) / PEG for these five genes in IRAT109 were 1.98, 1.61, 2.41, 1.47, and 3.20 times higher than in Yuefu, respectively (Fig. 4) . Only Os04g0228400 (OsEXPA1) was significantly induced by GA in Yuefu.
Discussion
Insufficient water uptake during imbibition stage of seed germination is one of the main reasons for poor seedling establishment (Murillo-Amador et al. 2002) . Upland rice with better drought tolerance was widely adopted in DSR (Gupta and O'Toole 1986) . In this study, the germination vigour, root length, and shoot length significantly decreased in both the rice cultivars under PEG-induced drought stress, but the seed germination of IRAT109 was less affected than that of Yuefu. Higher GA3 content, α-amylase activity, and soluble sugar content were observed in the germinating seeds of upland rice in comparison to lowland rice under PEG-induced stress. Also, upland rice was more sensitive to exogenous GA3 than lowland rice. The GAs and ABA are key plant hormones that regulate seed germination (Angelovici et al. 2010) . The GAs play an important role in germination initiation and radicle protrusion, whereas ABA is involved in the whole process of seed germination. The high GA3 content and GA3 / ABA ratio in upland rice promoted the synthesis of α-amylase. So, more soluble sugars produced by higher α-amylase activity could provide energy for seed germination in upland rice. Linkies and Leubner-Metzger (2012) thought that GA3 also promotes the synthesis of cell wall remodeling proteins, which regulates embryo growth and endosperm weakening during seed germination. Therefore, high GA3 content which promotes the synthesis of α-amylase and cell wall proteins, may be the main reason for rather high seed germination in upland rice under drought stress.
Transcriptome analysis has provided a new insight into the mechanisms of seed germination in Gossypium australe, Arabidopsis, and wheat (Dekkers et al. 2013 , Tao et al. 2013 , Yu et al. 2014 . In this study, RNA-seq analysis was used to characterize the differences between transcriptomes of germinating seeds of upland and lowland rice under PEG-induced stress. There were 2 171 DEGs between IRAT109 and Yuefu belonging to 62 functional groups. Among these, 14 genes related to GA, α-amylase, and expansin showed significantly higher expressions in IRAT109 than in Yuefu. The GA related genes including OsGA3ox2 and four putative gibberellin receptor genes were more expressed in IRAT109 than in Yuefu. The OsGA3ox2 encodes 3β-hydroxylase which catalyzes the final step of the GA3 biosynthetic pathway and produces bioactive GA3 (Itoh et al. 2001) . The function of GA3 receptor is to perceive the signal of GA3 and thus stimulate growth. During seed germination, α-amylase catalyzes the first step in starch breakdown, which contributes to the supply of carbon. In this study, two α-amylase genes (OsAmy3D and RAmy1A), two putative α-amylase precursor genes, and one putative α-amylase isozyme C gene were highly Fig. 4 . Ratios of gene expressions of six α-amylase and expansin related genes in rice cv. IRAT109 and cv. Yuefu under polyethylene glycol plus gibberellic acid (PEG+GA) and PEG treatments for 1 d. Means ± SEs, n = 3, * and ** indicate significant differences at P ≤ 0.05 and P ≤ 0.01, respectively. expressed in IRAT109. The OsAmy3D is the first expressed α-amylase gene during rice seedling development, and it plays an important role in sugar production during the early stage of seed germination (Hwang et al. 1998) . The expression of RAmylA, which is most abundant in the germinating seed and related to seeding vigour, may be the rate-limiting factor in controling rice seedling vigour (Huang et al. 1993 , Karrer et al. 1993 . Expression of α-amylase gene is induced by GA (Finkelstein and Gibson 2002) . Expansin is well known for its cell wall loosening activity and is involved in cell expansion and development. Expansin genes, OsEXPA8, OsEXPA3, and OsEXPA1, and one putative α-expansin precursor gene showed higher expressions in IRAT109 than in Yuefu. The OsEXPA8 is a root-specific gene that has been proven to improve root system architecture and enhance plant height by facilitating cell extension (Ma et al. 2013 . The OsEXPA3 promotes root growth by mediating cell wall loosening and is necessary for root system development in rice . The OsEXPA1 controls coleoptile and internode development in seed germination (Cho and Kende 1997, Huang et al. 2000) . The higher expression of genes related to GA, α-amylase, and expansin in IRAT109 than in Yuefu may have assisted seed germination and radicle development by inducing synthesis of hydrolytic enzymes, mobilizing seed storage reserve, and stimulating cell expansion. In addition, majority of α-amylase related genes and expansin related genes were induced in upland rice by GA3 treatment. The results indicate that GA and its downstream regulatory genes play important roles in promoting seed germination in upland rice under drought stress.
